The effect of temperature shiftdown on the assembly of ts3 virions was investigated by both scanning (SEM) and transmission (TEM) electron microscopy. Ts3 is a spontaneous temperature-sensitive mutant of Moloney murine leukemia virus (Mo-MuLV) which previous studies indicated to be defective in assembly or release of the virions. In the present study, both SEM and TEM revealed the following: (i) there were more cell-associated virions in ts3-infected cells grown at the nonpermissive temperature (390C) than either in cells grown at the permissive temperature (340C) or in wild-type MuLV-infected cells grown at 39QC; (ii) there were more normal single particles than multiploids (virions with two or more pieces of genomic RNA) in ts3-infected cells grown at the nonpermissive temperature; (iii) there were more multiploids in ts3-infected cells grown at the nonpermissive temperature than either in cells grown at the permissive temperature or in wild-type MuLV-infected cells grown at the nonpermissive temperature; (iv) upon temperature shift from 39 to 34WC, about 90% of the cell-associated virions dissociated from the cell surface. TEM studies also indicated that upon temperature shiftdown, virion assembly rapidly occurred. The above observations suggest that faulty assembly, which results in the production of multiploids, may not be the reason why ts3 virions accumulate on the cell surface at the nonpermissive temperature. The relatively higher proportion of multiploids found in ts3-infected cells grown at 39°C compared with those grown at 34°C may be due to the higher density of budding virions at the cell surface at the nonpermissive temperature, which increases the possibility of two or more particles assembling close to one another. The accumulation of ts3 virions in all stages of assembly at the nonpermissive temperature, together with the fact that rapid assembly and release of ts3 virions occurred on temperature shiftdown, indicates that virion assembly is restricted after it has been initiated. The probable role of altered glycoprotein(s) in restricting virion assembly is discussed.
The effect of temperature shiftdown on the assembly of ts3 virions was investigated by both scanning (SEM) and transmission (TEM) electron microscopy. Ts3 is a spontaneous temperature-sensitive mutant of Moloney murine leukemia virus (Mo-MuLV) which previous studies indicated to be defective in assembly or release of the virions. In the present study, both SEM and TEM revealed the following: (i) there were more cell-associated virions in ts3-infected cells grown at the nonpermissive temperature (390C) than either in cells grown at the permissive temperature (340C) or in wild-type MuLV-infected cells grown at 39QC; (ii) there were more normal single particles than multiploids (virions with two or more pieces of genomic RNA) in ts3-infected cells grown at the nonpermissive temperature; (iii) there were more multiploids in ts3-infected cells grown at the nonpermissive temperature than either in cells grown at the permissive temperature or in wild-type MuLV-infected cells grown at the nonpermissive temperature; (iv) upon temperature shift from 39 to 34WC, about 90% of the cell-associated virions dissociated from the cell surface. TEM studies also indicated that upon temperature shiftdown, virion assembly rapidly occurred. The above observations suggest that faulty assembly, which results in the production of multiploids, may not be the reason why ts3 virions accumulate on the cell surface at the nonpermissive temperature. The relatively higher proportion of multiploids found in ts3-infected cells grown at 39°C compared with those grown at 34°C may be due to the higher density of budding virions at the cell surface at the nonpermissive temperature, which increases the possibility of two or more particles assembling close to one another. The accumulation of ts3 virions in all stages of assembly at the nonpermissive temperature, together with the fact that rapid assembly and release of ts3 virions occurred on temperature shiftdown, indicates that virion assembly is restricted after it has been initiated. The probable role of altered glycoprotein(s) in restricting virion assembly is discussed.
One of the major events in the replication of RNA tumor viruses is the assembly of the virions at the cell membrane. As yet the mechanism involved is poorly understood. It has been postulated (1, 4) that assembly of the virions is regulated by protein-protein interactions. One approach toward understanding the processes involved in the assembly of RNA tumor viruses is by defining the temperature-sensitive (ts) defects of viral mutants blocked in assembly. Recently, such mutants from both avian and mammalian RNA tumor viruses have been isolated and partially characterized (2, 3, (6) (7) (8) (9) 11) . Ts3 is a spontaneous ts mutant of Moloney murine leukemia virus (Mo-MuLV) isolated by Wong et al. (9) . Previous studies (7, 8) have indicated that the ts defect of ts3 may be due to a block either late in the assembly process or in the release of the virions. The present investigation on the assembly of ts3 virions further defines the ts defect of ts3. Figure 1A shows a representative portion of the cell surface of a ts3-infected cell at the nonpermissive temperature 48 h postinfection. Most of the particles present were normal Ctype spherical forms. Scattered among them were duplexes (black arrow) and short microvillus-like structures (white arrow), which may consist of two or more virions aligned in tandem (Fig. 1B) . Triplexes ( Fig. 1C and D) , quadruplexes (Fig. 1E) Since the same types of errors were encountered in all the samples examined, the figures presented in Table 1 should be an indication of real differences among the samples studied.
MATERIALS AND METHODS

Cells
The results presented in Table 1 may be summarized as follows: (i) there were more virions on the cell surface of ts3-infected cells grown at 390C than on ts3-infected cells grown at 34WC or on MuLV-infected cells grown at 39"C; (ii) more than 90% of the ts3 particles that had accumulated on the cell surface at 390C disappeared from the cell surface within 1 h after temperature shiftdown; (iii) there were more normal single particles than aggregates in the ts3-infected cells grown at 390C; (iv) there were more aggregates in the ts3-infected cells grown at 390C than in either ts3-infected cells grown at 34WC or MuLV-infected cells grown at 390C.
The above findings suggest that formation of morphologically aberrant particles may not be the reason why ts3 virions fail to complete assembly and release from the cell surface at the nonpermissive temperature. The relatively higher proportion of aggregates found in the ts3-infected cells grown at 390C could be due to the higher density of budding virions at the cell surface, which increases the probability of two or more particles assembling close to one another. Furthermore, the accumulation of virions at the nonpermissive temperature may be attributed either to a block in some processes) in virion assembly or to a ts defect in the release of the virion per se. This latter possibility would be indicated if most of the particles were completely assembled, but failed to dissociate from the cell surface at the nonpermissive temperature.
TEM studies. To investigate the above possibilities, TEM studies were conducted on ts3-infected cells to determine the stage in assembly at which the assembly of ts3 is blocked at the nonpermissive temperature, and whether further assembly of these ts3 virions can take place on temperature shiftdown.
Ts3-infected TB cells grown at 34 or 39°C for 48 h, and ts3-infected TB cells grown at 39°C for T.
.,.
48 h and then shifted to 34TC for 30 or 60 min, were prepared for TEM as described in Materials and Methods. Ts3 virons. Thin-section electron microscopy of ts3-infected cells grown at the nonpermissive temperature revealed the presence of both normal C-type particles and multiploids (particles with more than one ribonucleoprotein component) in all stages of assembly. The structure and assembly of both types of particles have been reported recently (12) .
Effect of temperature shiftdown on the assembly of ts3 virions. A composite view of ts3- infected cells grown at the nonpermissive temperature for 48 h is shown in Fig. 2 . TEM indicates that although both normal particles and multiploids in different stages in assembly were present in ts3-infected cells grown at the nonpermissive temperature, less than 20% of these particles were completely assembled ( Fig.  2d ) and on the verge of dissociating from the cell surface. This finding is consistent with the infrequent observation of extracellular immature C-type particles and the virtual absence of mature C-type particles in the intercellular spaces of ts3-infected cells grown at the nonpermissive temperature (Fig. 3A) . The above observations suggest that at the nonpermissive temperature, virion assembly is initiated but probably restricted. It was further reasoned that if ts3 is temperature sensitive in some factor (function) restricting assembly, on temperature shiftdown, one should be able to detect rapid virion assembly and release. This would be reflected in a change in the composition of virions in the different stages of assembly. In an attempt to verify the above hypothesis, the relative proportions of virions in the various stages of assembly were compared in the following cultures: ts3 grown at 390C for 48 h, ts3 grown at 39°C for 48 h and then shifted to 34°C for 30 or 60 min, and ts3 grown at 34°C for 48 h. The normal budding C-type particles were arbi- (Fig. 2a) , intermediate (Fig. 2b) , late (Fig. 4b) , and very late ( Fig. 2d and 4c) . The results of this investigation are summarized in Table 2 . In the ts3-infected cells grown at the permissive temperature, almost 90% of the particles observed were non-cell associated, and more than 90% of these were mature particles with electron-dense nucleoid (Fig. 3B) . Only 2% of the cell-associated virions were multiploids. The normal C-type cell-associated particles appeared to be evenly distributed among the four stages of assembly. Some marked differences were observed between ts3 virions from cells grown at the permissive temperature as compared with those grown at the nonpermissive temperature. There were 22 cell-associated virions per cell section in ts3-infected cells grown at 390C as compared with 0.5 virion per cell section in ts3-infected cells grown at 34WC. In contrast to the virions found in cells grown at the permissive temperature, 96% of the virions observed in the nonpermissive culture were cell associated. The few extracellular virions observed were immature (Fig. 3A) . Mature virions may have been present in such low numbers that they were not detected. In the culture grown at the nonpermissive temperature, 29% of the total virions observed were multiploids, whereas only 2% of the virions in the culture grown at the permissive temperature were multiploids. Fifty percent of the normal C-type virions observed in the culture grown at the nonpermissive temperature were early-budding virions, whereas less than 20% of them were in a very late stage in assembly.
A composite view of ts3-infected cells grown at 390C for 48 h and then shifted to 34WC for 30 min is shown in Fig. 4 . Several marked changes were observed. The number of cell-associated virions decreased to about 2 virions per cell section, whereas the ratio of multiploids to normal particles remained the same. The number of extracellular particles increased from about 4% to almost 50% of the total number of particles observed, and more than 80% of these were immature particles. Among the cell-associated normal C-type virions, over 30% were late-budding particles, and almost 60% were in the final stages of assembly.
As compared with a ts3-infected culture shifted to the permissive temperature for 30 min, a longer shiftdown period (60 min) further reduced the number of cell-associated virions to about 0.5 virion per cell section. There was a further increase in the proportion of non-cellassociated virions to cell-associated virions and a reduction in the proportion of multiploids to total virions. Among the normal C-type particles, there appeared to be a slight increase in the proportion of early-budding virions.
The above findings may be summarized as follows: multiploids were present in ts3-infected cells grown at both the permissive and nonpermissive temperature. Consistent with our SEM findings, the proportion ofmultiploids to normal virions was higher in ts3-infected cells grown at the nonpermissive than at the permissive temperature. In spite of the fact that 50% of the normal particles in the very early stages in assembly could not be identified in the SEM studies, a higher proportion of multiploids was observed in the TEM studies. This suggests that the duplexes, triplexes, etc., observed by SEM were only a portion of the total multiploids present. The proportion of multiploids calculated from the TEM studies did not exceed 30% of the total virions observed in ts3-infected cells grown at the nonpermissive temperature. Virion assembly rapidly occurred on temperature shiftdown with both normal particles and multiploids dissociating from the cell surface. DISCUSSION Our SEM and TEM studies confirmed the findings of Wong and MacLeod (8) that there were substantially more virions on the cell surface of ts3-infected TB cells grown at the nonpermissive temperature (39°C) than of cells grown at the permissive temperature (34°C) or of MuLV-infected TB cells grown at 39°C. Our SEM studies agree with their observations that more than 90% of the virions that had accumulated at the cell surface at 39°C dissociated from the cell surface during the first 60 min after temperature shiftdown. However, our TEM studies indicate that when the accumulation of virions on the cell surface is maximal, the total cell surface area that can be occupied by virus particles is greater than the 10% estimated by Wong and MacLeod (8) , since neither virions in the very early stages of assembly (about 50% of the total number of normal cell-associated Ctype particles) nor many of the multiploids (such as the rod-shaped virions, the abnormally large spherical forms, or the atypically shaped virions) were identified by SEM.
Our present findings suggest that the production of atypically shaped particles (multiploids) at the nonpermissive temperature may not be a direct result of the ts defect of ts3. Less than 30% of the virions observed by TEM from ts3-infected cells grown at the nonpermissive temperature were multiploids. Moreover, multiploids, primarily duplexes, were also consist- Fig. 2 and 4. b Mature particles were probably present in such low numbers that they were not detectable.
ently observed, although in lower numbers, in ts3-infected cells grown at 340C, in MuLV-infected cells grown at 390C (12) , and in a Moloney murine sarcoma virus (Mo-MuSV) cell line (unpublished data). The higher proportion of multiploids to total particles found in ts3-infected cells grown at the nonpermissive temperature may be due to the greater chance of two or more particles assembling in juxtaposition because of the accumulation of budding viruses at the cell surface. The above suggestion is consistent with the observed decrease in the proportion of multiploids to total particles in interferon-treated cells infected with ts3 (unpublished data). It was shown in another study (10) that the total number of ts3 virions decreased by two-to threefold in interferon-treated cells as compared with the controls. The production of atypically shaped virions in Friend leukemia virus-infected cells after dimethyl sulfoxide treatment has also been reported by Sato et al. (5) . In these dimethyl sulfoxidetreated cells, there was a significant increase in the number of budding virions as compared with the controls.
The ts defect of ts3 appears to be due to some restriction in virion assembly. At the nonpermissive temperature, both normal and multiploid virions in all stages of assembly were observed. Only about 20% of the normal particles observed were at a very late stage in assembly (Fig. 2d) . Four percent ofthe total particles observed were extracellular, none of which were mature virions. However, after a 30-min shift to permissive conditions, about 90% of the normal C-type virions observed were late-budding virions (Fig. 4b) , with almost 60% of these at a very late stage in assembly (Fig. 4d) . This rapid increase in the proportion of budding virions in the final stages of assembly on temperature shiftdown, in conjunction with a simultaneous decrease in the number of cell-associated virions and an increase in the number of extracellular immature virions, suggests that rapid assembly and release of the virions occurred during lte 30 min after shift to the permissive temperature. On temperature shiftdown, rapid assembly and release of the multiploid virions also seem to have occurred. In the 390C-infected culture, most of the multiploids observed were broadly linked to the cell at their bases (Fig.  2c) . On temperature shiftdown, most of them showed complete assembly of viral components, resealing of the cellular membrane, and shrinking of the cytoplasmic linkage to the cell ( Fig. 2g and 4a) . The large number of incompletely assembled ts3 virions in all stages of assembly at the nonpermissive temperature suggests that restriction in assembly only occurs after it has been initiated and that the ts lesion is a step common to the whole assembly process.
We have as yet no conclusive evidence as to how virion assembly is restricted at the nonpermissive temperature. Previous findings (7) indicate that ts3 virions partially assembled on the cell membrane of cultures held at 390C before the addition of actinomycin D or cycloheximide are able to complete assembly and dissociate from the cell membrane on temperature shiftdown to 34C in the presence of the inhibitors. This suggests that the ts defect lies beyond events associated with the synthesis of viral DNA, DNA-dependent RNA, and protein. The ts defect has also been demonstrated (7) to be reversible, because even in an established infection a shift from 34 to 390C turns off virus production almost immediately. In the same study, the ability of ts3 to rescue MuSV from an MuSV-infected nonproducer cell line was also examined. Whereas ts3 was found to rescue Among the late ts mutants of Rauscher leukemia virus isolated by Stephenson and Aaronson (6), ts24 exhibits characteristics similar to those of ts3. Recent microscopic studies (11) suggest that ts24 is defective either in the late stages of assembly of the particles or in the release of the virus particles from the cell surface. Ts24 resembles ts3 in that there are more cell-associated virions at the nonpermissive than at the permissive temperature and that virions are rapidly released on temperature shiftdown. However, unlike ts3, there appear to be far fewer cell-associated virions in ts24-infected cells grown for 6 days at the nonpermissive temperature (4 to 5 virions/cell section) as compared with ts3-infected cells grown for 48 h at 39°C (22 virions/cell section). Furthermore, all the budding ts24 virions observed in infected cells grown at the nonpermissive temperature were almost completely assembled, normal virions. By contrast, both normal particles and multiploids in all stages of assembly were observed in ts3-infected cells grown at the nonpermissive temperature.
It is possible that although ts3 and ts24 have certain characteristics in common, they are in fact temperature sensitive in different functions. Alternatively, they may be defective in the same function to varying degrees. An approach in resolving this possibility may be achieved by means of complementation and recombination tests between these mutants.
